Drag reduction in turbulent channel and pipe ows by spanwise (circumferential) wall oscillations is studied numerically. The in uence of the wall oscillation on near-wall streamwise vortices is examined. By the use of the Stokes second problem, a wall-normal distance parameter and an acceleration parameter are obtained to estimate the drag reduction rate. A simple equation is derived for expressing the drag reduction rate by spanwise wall oscillations. The relation between near-wall streamwise vortices and low-and high-speed uids is scrutinized to extract the key parameters. The drag reduction mechanism is analyzed in terms of the attenuation of Reynolds shear stress. 
Nomenclature

Introduction
T HE role of near-wall streamwise vortices has been found to be very important in a wall-bounded turbulent ow. 1 The downward sweep motion induced by streamwise vortices very near the wall is closely correlated with skin friction. 2 Consequently, to achieve a reduction of skin friction, the management of near-wall streamwise vortices has been a target of control strategies. A recently devised method for drag reduction in wall-bounded turbulent ows is a cyclic movement of the wall in the spanwise (circumferential) direction. When the wall oscillation is optimized with appropriate amplitude and frequency, a signi cant drag reduction is achieved by as much as 40%. Although energy is needed for the motion of the wall, no feedback is required in the control law.
A literature survey reveals that many experimental and numerical studies have been performed to examine the drag reduction by spanwise oscillations. Jung et al. 3 showed numerically the suppression of turbulence in wall-bounded turbulent channel ows by highfrequency spanwise oscillations. Laadhari et al. 4 and Choi et al. 5 carried out an experimental study in a turbulent boundary layer to con rm the numerical results experimentally. The effects of walloscillation amplitude on the total energy balance was investigated by Baron and Quadrio 6 using a direct numerical simulation. An experimental study of turbulent pipe ows was performed by Choi and Graham 7 with a view to reduce the friction drag by oscillating a section of the pipe in a circumferential direction. The results indicated that the friction factor is reduced by as much as 25% as a result of active manipulation of near-wall turbulence structures by circumferential wall oscillation. The mechanism of drag reduction may be related to the spanwise vorticity generated by the periodic Stokes layer over the oscillating wall, which affects the boundary-layer pro le by reducing the mean velocity gradient within the viscous sublayer. 5;7 Recently, Quadrio and Sibilla 8 performed direct numerical simulations in a pipe oscillating around its axis. They found that the transverse shear layer arising from the oscillations induces substantial modi cations to the turbulence statistics in the near-wall region.
A perusal of the literature indicates that many parametric studies have been performed to nd the best parameters in terms of friction drag reduction. The frequency and amplitude of the oscillations obviously play a rst-order role in determining the amount of the turbulent drag reduction rate. The choice of the optimum parameters, however, still has to be determined. The main aim of this work is to nd the optimum parameters. This is clearly related to the Stokes layer, which is generated by the oscillating wall. The approach is to use the solution to the Stokes second problem to obtain estimates of how far from the wall the in uence of oscillations extends and of the acceleration that they produce very near the wall. Toward this end, direct numerical simulations in channel and pipe ows are performed to obtain detailed results for the turbulent ow behavior near the wall and to correlate that behavior in terms of a wallnormal distance parameter and an acceleration parameter based on the Stokes solution. Emphasis is placed on the identi cation of the relation between the near-wall streamwise vortices and low-and high-speed uids by spanwise oscillations. The mechanism of drag reduction is analyzed in terms of the Reynolds shear stress.
Second Stokes Problem
We start with the notion that the key to drag reduction is to disturb the wall-bounded ow between the near-wall streamwise vortices and the wall. When a temporal wall oscillation is imposed, the governing equation for the mean spanwise velocity, ignoring the higher-order nonlinear terms, can be expressed as
Here, the nondimensional parameters are W 
In the preceding description, the wall oscillation decays exponentially far from the wall. It is found that Eq. (1) is similar to the Stokes second problem.
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To see the response of near-wall turbulence to spanwise wall oscillations, the instantaneous spanwise mean velocity pro les by the present simulation are displayed in Fig. 1a 
Direct Numerical Simulations
As mentioned earlier, direct numerical simulations of turbulent channel and pipe ows with oscillating walls are performed in the present study. The numerical method for solving the NavierStokes equations in a turbulent channel ow is based on a semiimplicit method.
2 Both a Chebyshev-tau method in the wall normal direction and a dealiased Fourier method in the streamwise and spanwise directions are used for the spatial derivatives. A semi-implicit time advancement scheme is employed by using the Crank-Nicolson implicit method for the viscous terms and an explicit third-order Runge-Kutta scheme for the nonlinear terms. The spectral numerical scheme used in this study is nearly the same as that used by Kim et al. 2 Three Reynolds number ows are tested: Re ¿ D 100, 200, and 400. The domain sizes for three Reynolds number ows in the streamwise, wall-normal, and spanwise directions are 4¼ h £ 2h £ 4¼ h=3, 2¼ h £ 2h £ 4¼ h=3, and ¼ h £ 2h £ ¼ h=3, respectively. Here, h denotes the half-channel width. The grid sizes are 32 £ 65 £ 32, 64 £ 65 £ 64, and 64 £ 129 £ 64, respectively. The code validation has been made by comparing the present data with the preexisting direct numerical simulation (DNS) data. The predicted pro les at Re ¿ D 180 have been compared with the data of Kim et al. 2 The grid resolution of the present simulation is 128 £ 129 £ 128 in the streamwise, wall-normal, and spanwise directions, respectively. The domain size is 4¼ h £ 2h £ 4¼ h=3. It is found that the present data follow their data very well.
Next, the numerical scheme for simulating a turbulent pipe ow is almost the same as that used by Ma et al. 10 The numerical method is based on the third-order time-splitting method. 11 In the axial and circumferential directions, a Fourier-Galerkin method is employed. In the radial direction, a spectral element method is adopted to avoid the computational unsteadiness caused by the over-ne grids near the center of the pipe. The Reynolds number is Re ¿ D 150 and the computational length of the pipe is 4¼ R. The spatial resolution is 53 £ 64 £ 32 in the radial, circumferential, and streamwise directions, respectively.
All of the simulations are performed with constant streamwise mass ux. Because the no-slip conditions are satis ed at the wall, the wall oscillations in the spanwise (circumferential) direction are directly taken into account via the wall boundary conditions for the corresponding velocity components. The ow quantities are normalized by the bulk mean velocity U m and h (or R) except those with the superscript C, which are normalized by wall units u ¿ and º. In the present study, the velocity amplitude of wall oscillation A C varies from 1 to 20, and the oscillation period T C is set in the range from 1 to 200 for turbulent channel ow and turbulent pipe ow.
Results and Discussion
The rst objective of the present simulation is to estimate a simple equation expressing the friction drag reduction by spanwise oscillations as a primary function of the oscillating parameters. The percentage of drag reduction rate is de ned as D r .%/ D .¿ no ¡ ¿ c /=¿ no £ 100, where ¿ no denotes the shear stress without oscillation and ¿ c that with spanwise oscillations. As mentioned earlier, several other published numerical and experimental data are employed for comparison: a numerical simulation in turbulent channel ow by Baron and Quadrio, 6 an experimental work in turbulent pipe ow by Choi and Graham, 7 and a numerical simulation in turbulent pipe ow by Quadrio and Sibilla. 8 Details regarding the oscillating conditions are available in the references. The present numerical data are also included: One is from the turbulent channel ow simulations .Re ¿ D 100, 200, and 400), and the other is from the turbulent pipe ow simulation .Re ¿ D 150/. The oscillating conditions of the simulations and the drag reduction results are summarized in Table 1 . In Table 1 , RLM denotes the relaminarization by circumferential oscillations.
As stated, all of the available data are replotted on D r by the use of several key parameters. First, D r is plotted as a function of the oscillating velocity amplitude A C in Fig. 2a , where A C is the oscillating velocity amplitude of the wall in Eq. (4) . Examination of the distributions between D r and A C in Fig. 2a indicates that D r increases with increasing A C . However, D r is not linear against A C in some cases. Note that the increase of A C means the increase of the extra input of energy by spanwise oscillations. Next, D r is replotted as a function of the oscillating period T C in Fig. 2b . Each line represents different A C . As T C increases, a peak value is seen at around T C » 100. This means that a maximum drag reduction is obtained at T C » 100. In Fig. 2c , D r is plotted as a function of A C T C , where the variable A C T C indicates a displacement of the oscillating wall. The maximum displacement is A C T C =¼. For example, the maximum displacement of the wall of the present channel and pipe ows is about 50 .
, which represents the mean spacing between low-and high-speed streaks. 12 As seen in Fig. 2c , a better similarity is attained. However, some exceptional cases still remain. A closer inspection of the curves reveals that a peak value of D r is observed and then D r decreases with increasing A C T C .
To understand the effect of spanwise wall oscillations in detail, we consider an interrelated length scale with the wall oscillation. In Eq. (4), the wall oscillation decays exponentially from the wall. When threshold value W C t is set, the depth of the Stokes layer penetrating into the internal ow is de ned as
where y The role of y C d on drag reduction is analyzed by examining the interrelation between streamwise vortices and near-wall low-and high-speed streaks. The streamwise vortices are represented by a contour of the positive second invariant of the velocity gradient tensor, 13 which is de ned as
where S i j is the tensor of strain rate and Ä i j is the tensor of rotation. Note that Q > 0 indicates the existence of streamwise vortices near the wall. In the rst place, the interrelation is inspected at y C D 10. The ow elds are conditionally averaged in the x and µ directions for Q > 1 and ! x > 0. This procedure is performed in a stationary turbulent pipe ow at Re m D 4:9 £ 10 3 .Re ¿ D 1:7 £ 10 2 /, and the results are shown in Fig. 3a . Here, ! x > 0 represents that the streamwise vortices rotate in the counterclockwise direction. As seen in Fig. 3a , a streamwise vortex is located in between the low-and high-speed streaks. The streamwise vortex makes the highspeed uid .u 0 > 0/ move toward the wall and the low-speed uid .u 0 < 0/ move away from the wall. This contributes to the generation of Reynolds shear stress u 0 v 0 (Ref. 2) . When the conditional averaging is taken at Q > 1 and ! x < 0 in Fig. 3b , the ow structure is almost the same as that in Fig. 3a with the opposite direction. Accordingly, the case of ! x > 0 is chosen and dealt with in the present analysis.
When the spanwise wall oscillation is imposed, the interaction between streamwise vortices and streak structures is scrutinized in detail. As mentioned earlier, the selection of y the wall oscillation on the interactions, sequential pictures of the conditionally phase-averaged ow structures at y C D 10 for one wall oscillation cycle are displayed in Fig. 4 . Two cases in Table 2 Fig. 4 , at ¼=4, both the wall and the streamwise vortex rotate in the counterclockwise direction. In the near-wall region, the high-speed (solid line) and low-speed (dotted line) uids are driven to move to the right by both the rotations of the wall and the streamwise vortex. The high-speed uid intrudes beneath the low-speed uid. At ¼=2, the velocity of the wall achieves its maximum value, and the intrusion of the high-speed uid is also augmented. Around the streamwise vortex, the gradient of u 0 in the wall-normal direction is increased. At 3¼=4 and ¼ , the speed of the wall is decreased, and the intrusion of the high-speed uid is relatively weakened.
During the decelerating phase .5¼=4/, the wall rotates in the clockwise direction, which causes the near-wall high-speed uid to move to the left. At 3¼=2, the wall speed gets its maximum value, and the high-speed uid extends farther to the left. Because the streamwise vortex rotates in the counterclockwise direction, its rotation counteracts the effect of the clockwise motion of the wall. As seen in Fig. 4 , the low-speed uid is almost lessened. In addition, the location of the low-speed uid around the vortex is not as close to the wall as the high-speed uid. Hence, the in uence of the wall movement on the low-speed uid is greatly reduced. Because of these two effects, the low-speed uid can hardly intrude beneath the high-speed uid. At the phases of 7¼=4 and 2¼ , the speed of the wall is decreased, and the right extension of the high-speed uid is shrunk. The streamwise vortex is mainly surrounded by the high-speed uid. The sequential illustrations in Fig. 4 clearly show the response of vortex-associated ow elds to the oscillation of the wall. Quadrio and Sibilla 8 suggested a conceptual model, which is consistent with the present description of the scenario in the rst half of the oscillation period.
Next, the conditionally averaged ow elds at y C D 20 are illustrated in Fig. 5 . As employed in Fig. 4 , the same two cases are adopted for comparison. Because the conditional averaging is taken at y C D 20, case 2 .y Fig. 5b indicates that the high-speed uid intrudes beneath the lowspeed uid in the rst-half of the oscillating period .0 · t =T · ¼ /.
In the second half of the oscillating period .¼ · t =T · 2¼ /, the streamwise vortex is mainly surrounded by the high-speed uid. However, the intrusion of the high-speed uid in Fig. 5a is not active as compared to the case in Fig. 6b . Furthermore, the low-speed uid is not disturbed by the oscillations. The ow pattern in Fig. 5a is very similar to that in Fig. 6 , where the wall is stationary. When the ow structures in Figs. 4 and 5 are summarized, a conclusion emerges that the streamwise vortices within the depth of penetration of the Stokes layer .y reduction achieved in a steadily rotating pipe is not as much as that in a pipe that oscillates around its axis sinusoidally. 8;14 The only difference between the oscillating motion and the steadily rotating motion is that an acceleration exists in the oscillating motions. This difference gives us an acceleration parameter in the Stokes layer as a measure of the amount of drag reduction. From the dynamic point of view, acceleration represents an inertial force of uid in unit mass, which is a measure of the change of the relative position between uid elements by the Stokes layer.
To examine the effect of acceleration in the present spanwise wall oscillations, the skewness and atness are computed and displayed in Fig. 8 . Two cases are chosen in Table 2 : One is case 1 for a lower acceleration, and the other is case 3 for a higher acceleration. The case of no control is also included for comparison. As shown in Fig. 8a , when the spanwise wall oscillation is imposed, the skewness is augmented, and the maximum of the skewness moves apart from the wall. In the buffer layer .15 · y C · 30/, the skewness of the spanwise oscillations is positive whereas the skewness of no control is negative. This means that the high-speed uid by the wall oscillation is skewed as compared to that of no control. As addressed by Quadrio and Sibilla, 8 the elongated low-speed streaks are reduced by the spanwise oscillation, whereas some high-speed streaks are enhanced. Accordingly, the skewness is increased by the spanwise oscillation. In Fig. 8a , the skewness of case 3 is higher than that of case 1. As mentioned earlier, the acceleration of case 3 is larger than that of case 1 in the region of y C¸8 . This suggests that the higher acceleration enlarges the area of the positive skewness. The atness in Fig. 8b shows a signi cant increase in the viscous sublayer region by the oscillation. This may be caused by the increase of intermittency by the oscillation. The maximum atness is located at y C ' 5, where the ow change in turbulence is highly ampli ed by the wall oscillation.
Comparison is extended to the probability density function (PDF) of the streamwise velocity uctuations .u 0 =u rms / with wall oscillation. In the viscous sublayer region (Figs. 9a and 9b) , the PDFs of the negative streamwise velocity uctuations with spanwise oscillation return back to the center, whereas those of no control are tilted to the negative direction. This may be attributed to the reduction of the elongated low-speed streaks, as stated in Fig. 8a . However, note that the present result is contradictory to the experimental result of Choi and Clayton. 15 The increase of the skewness in this region is directly linked with the shrinkage of the negative PDF. This is also consistent with the result of Quadrio and Sibilla. 8 As the acceleration increases, that is, in case 3, the maximum location of PDF moves to the center. This shows a tendency to isotropy due to acceleration. A closer inspection of the positive PDFs in the long-tail region .2 · u 0 =u rms · 4/ in Figs. 9b and 9c discloses that the PDF distributions are intercrossed because the detection layer is far from the wall. Close-up views of the PDF in the insets indicate that the PDFs of cases 1 and 3 are larger than that of no control in Fig. 9c . The increase in the long-tail region may be related to the high-speed streaks by the wall oscillations. 15 Because the detection layer is apart from the wall .y C > 20:4/, the in uence of the wall oscillation is gradually weakened. In the outer region .y C D 50:1/, three PDFs collapse to one curve. A global inspection of Fig. 9 shows that the changes in turbulence statistics in the oscillating boundary layer seem to come mainly from a reduction in the negative probability. Moreover, a signi cant change of the positive PDF distribution in the long-tail region occurs in the viscous sublayer region close to approximately y C ' 5. Now, the in uence of the acceleration in the Stokes layer is implemented in the present formulation of the drag reduction rate D r . According to Eq. (4), the acceleration of the Stokes layer is derived as
where a critical value of a C is chosen at y C D 5 in the present study. The main rationale for the selection a C 5 is that the atness in Fig. 8 has a maximum at y C ' 5. Furthermore, the change of the PDF in Fig. 9 is signi cant at around y C ' 5. In Fig. 10 , D r is plotted as a function of a 
where the Reynolds number effect is also included. If the Reynolds number effect is neglected, the data scattering is more intensi ed. When V C c is employed, a good correlation equation is obtained as shown in Fig. 11 :
As seen in Fig. 11 , all of the available data collapse well in Eq. (9) .
The response of near-wall turbulence to the wall oscillations can be quantitatively represented by the changes in turbulence statistics. In the rst half of the oscillation period, the intrusion of the highspeed uid beneath the low-speed uid gives the increase of @ u
It is known that the change of @u By the use of this parameter, the drag reduction rate showed a good correlation curve. To understand the drag reduction mechanism and to show the physical grounds for the selection of V C c , the interrelation between streamwise vortices and near-wall low-and high-speed streaks was scrutinized in detail by examining conditionally averaged DNS results. Examination of the results indicated that the relations between streamwise vortices and high-and lowspeed uids are greatly affected within the in uence range of the Stokes layer. The high-speed uid intrudes beneath the low-speed uid in the rst half of the oscillating period. In the second half of the oscillating period, the streamwise vortex is mainly surrounded by the high-speed uid and the low-speed uid is almost lessened. When the streamwise vortices are out of y C d , the relative position between streamwise vortices and high-and low-speed uids is similar to that in a ow with stationary wall. The changes of u 0 v 0 were examined for several oscillating conditions. This was because the turbulent friction drag is closely related to the level of u 0 v 0 . The quadrant analysis of u 0 v 0 indicated that the contribution of V C c to hu 0 v 0 i I is dominant.
